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Abstract 
It is said that PCB (printed circuit board) of used electronics contains considerable amount of critical metals, rare earths, and so on. However, 
one of the problems in utilizing such used products is that the valuable materials scatter among huge numbers of small-sized electronics. 
Efficient methods of collection and concentration are necessary. Although manual disassembly and separation of PCB is a good way to enhance 
the quality of the recycled materials, it causes a large labor cost. As a solution to this problem, this paper focuses on a new concept of recycling 
process which is to outsource such manual operation to unspecified workers via internet. The concept will be also helpful to reduce 
environmental impact caused by unnecessary transportation of the used products. This paper has proposed the concept of the outsourcing of 
recycling operations and discussed the advantages of the concept. And then, it tried to prototype a mechanism to enable the idea. The paper 
carried out a basic design of screening and sorting mechanisms and made some experiments of operation.  The basic results obtained in this 
paper clarified that the remote recycling concept is feasible and promising. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Critical metals and rare earths contained in used electronics 
so-called “urban mine [1,2]” is an important issue in Japan. 
Material recovery of those elements are strongly focused in 
order to prevent resource depletion or enhance national 
resource security. To increase number of elements to be 
recovered from used products, there are two ways basically. 
One is to develop high performance separators which can 
recognize different devices containing different elements. 
There have been some previous studies [3, 4] that discussed 
practical methods to recover valuable and highly purified 
metals from PCB (printed circuit board) of used electronics. 
In this way, large costs in developing, installing and operating 
such separating machines is the bottleneck. The other way is 
manual disassembly and hand-picking of necessary devices. 
Contrarily to the automated method, high labor cost and lack 
of labor power can be problems in this option. 
 Corresponding to these problems, the authors proposed a 
concept of remote recycling which is to operate hand-picking 
process via internet. The original idea named tele-inverse 
manufacturing [5] was aiming to outsource part of 
disassembly process to countries where labor costs are 
relatively inexpensive compared to Japan. In our previous 
paper [6], it was shown that metal percentages in hand-picked 
particles were equivalent or higher than those of disassembled 
PCB (Printed Circuit Board). This fact means that material 
separation by using vision is basically feasible. This can be 
extended to remote operation using web-camera via internet. 
Secondly, the authors also carried out a simple cost-profit 
analysis and clarified the remote recycling system has 
financial advantages because of the low labor cost and low 
facility cost. So, the proposal is suitable for small-sized 
electronics which do not contain so much materials per unit, 
but the number of production is rather large per year. Plus, 
flexibility in picking particles is also an important advantage 
of the method. Because of unstable material prices and 
continuous efforts in product development, target elements to 
be recovered can easily change. Thirdly, the first system of 
remote recycling system was prototyped and it was possible to 
operate the sorting device from a remote place. 
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 The hand-picking of valuable parts in recycling process is 
one of the most time consuming and labor intensive service 
activities in material recycling processes. Outsourcing of such 
activity utilizing remote operation technologies has certainly 
advantages. And the paper concludes that the prosed method 
is technically and economically feasible and a promising way 
in sharing service activities in recycling processes by different 
service providers. 
 
2. Proposal of remote operation 
2.1. How to outsource recycling operation  
Previous paper [6] regarding cost-profit analysis of 
recycling process of used mobile phones indicates that the 
total of material values recovered from used mobile phones 
are equivalent or smaller than the total of labor cost, 
transportation cost, facility cost and other costs. The concept 
of the remote recycling proposed in this study can drastically 
decrease labor cost and transportation cost.  A schematic view 
of the concept is shown in Fig.1. As it is shown in the figure, 
roughly crushed particles are carried by conveyer and are 
separated by some sorting devices into two groups. The visual 
information is sent by web-camera via internet. Operators stay 
in remote places or countries where labor cost is inexpensive. 
Or, it might be possible to use voluntary labor power by 
providing attractive software to operate the remote operation 
as if it is an on-line game. In this case, the labor cost will be 
zero. It is also possible to reduce transportation cost and 
environmental impact, by screening unnecessary part near 
users’ locations. If a new technology to recover additional 
element, it is possible to change screening strategy flexibly. 
Such flexibility is also a merit of the outsourcing of the 
recycling operations. 
 
Fig. 1. Schematic image of remote operation via internet 
 
2.2. Benchmarking of the concept 
Since there are some previous studies [7, 8] regarding 
recovery of metal from PCB of used electronic products. One 
[7] of the papers shows material composition of a typical PCB 
as Table 1. The target of this study is also PCBs which is 
expected to have similar percentages. In ensuring the 
feasibility of the remote recycling concept, we have to prove 
that metal compositions of separated particles should be better 
than those of PCB itself. In our previous works, it was 
basically proved that the metal composition in separated 
particles was similar to that of PCB, regarding metals having 
relatively larger percentage. However, since the material 
value of the used electronic products highly depends on Au 
(Gold), Ag (Silver) and Pd (Palladium) [9]. Since the amounts 
of these metals in PCB are very small, more precise 
measurement of the densities of such precious metals is 
necessary. 
Table 1 Amount of metals in a typical PCB (data from[7]) 
Metal name Weight percentage 
Cu 15% 
Al 4% 
Fe 2.5% 
Pb 2.0% 
Ni 0.46% 
Ag 0.12% 
Ta 0.10% 
Au 320ppm 
Pd 90ppm 
 
3. Design of the remote operation system 
3.1. Features of the concept 
The features of the newly designed mechanism are 
basically energy-efficient and space-efficient. The target of 
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remote recycling is small-sized e-waste which cannot be 
handled by current recycling system for large-sized home 
appliances. Unlike the large home appliances, recycling 
process of small-sized e-waste is still under development. 
Sometimes, manual disassembly is applied and sometimes 
physical separation methods are applied. In manual 
disassembly, labor cost will be the problem. In machine-based 
physical separation, development of the separation methods 
[3] corresponding to target material and facility cost can be 
problems. Contrarily, the remote recycling concept can reduce 
labor cost and facility cost by utilizing inexpensive labor. At 
the same time, the concept can also prevent outflow of 
valuable materials and environmental concerns due to 
inadequate recycling processes [10-12] along with the outflow 
can be avoided.  
 
3.2. Screening mechanism 
As shown in Fig.2, the screening device will be set on a linear 
actuator and pushes target particles aside. The target particles 
to be recycled will drop in a recycling bin. The other particles 
will go through the device and drop in a garbage bin. The 
operation of the device will be carried out manually by a 
remote-operator. 
 
Fig. 2.Schematic view of the mechanism 
 
Fig. 3. Small conveyor for the prototype 
3.3. Problems in practical operation 
Although the authors think the remote recycling concept is 
basically feasible, there will be some barriers and difficulties 
to put the concept into practice. These are the problems to be 
solved. 
x Suitable particle size should be decided to balance fast 
separation and high metal percentages. 
x Semi-automatic control algorithm of the sorting device 
which can push the pointed particles into recycling bin is 
necessary. 
x It is necessary to develop a software to point the target 
particles on the screen and send a control command to the 
remote PC where sorting device is attached. 
x Experimental operation via internet should be carried out. 
x It is necessary to decide how to recover valuable materials 
from unseparated particles. 
x It is also necessary to check whether time delay will be a 
problem. 
x Control parameters such as density of the particle flow, 
conveyor speed, etc. should be decided. 
4. Experiments on separation quality 
4.1. Process of the experiment 
One of the reasons of high labor cost in current recycling 
process is manual disassembly process. The process is rather 
common [13]. On the other hand, manual disassembly can 
enhance quality of the recycling process. Since PCB contains 
most of the valuable material, manual disassembly of PCB is 
effective in increasing the metal concentration. Thus, if it is 
possible to achieve higher or at least equivalent percentages of 
metals by a less expensive method, it will be helpful in 
reducing the recycling cost. In our proposal, remote operation 
can replace this manual disassembly process.  In order to 
clarify the technical feasibility of the concept, separation 
characteristics are investigated through experiments. In the 
experiments, material compositions of disassembled PCB and 
visually separated particles were compared.  In the 
conventional process, used mobile phones are manually 
disassembled and PCBs were detached. Then, the PCBs were 
crushed by a rotary mill. In the new process, whole mobile 
phones were crushed first, and then, the operator separated 
particles seem to be valuable from other particles. In the both 
processes, batteries and LCD (liquid crystal display) unit 
which might emit toxic materials by crushing were detached 
in advance. 
In a practical experiment, PCB (Fig.4) and other parts of a 
mobile phone are roughly crushed using a rotary cutting mill. 
Since the screen size of the cutting mill is 8mm, particles will 
be smaller than 8mm square. Average size of the crushed 
particles was 4-5mm square. Fig.5 shows the separated 
particles from the mixed particles. This means that the 
operator thought these particles were originally from PCB or 
other metal parts. If metal concentration of separated particles 
(Fig.5) is better or equivalent to that of PCB (Fig.4), it means 
that visual separation is possible. Possibility of visual 
separation should be assured in advance to the remote 
separation experiment. 
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Fig. 4. Manually dissembled PCB 
 
Fig. 5. Visually separated particles 
4.2. Material compositions 
After separating the target particles, material compositions 
were measured by XRF (X Ray Fluorescence [14]) analysis 
Fig. 6 and 7 show material composition of PCB origin 
particles and visually separated particles correspondingly 
 
 
 
Fig.6. Material composition of disassembled PCB 
 
Fig.7. Material composition of visually separated particles 
 
4.3. Measurement of Gold 
Although XRF is a good way in order to know material 
compositions of various kinds of elements, very small density 
of element cannot be detected, or inaccurate. On the other 
hand, since the value of a used mobile phone heavily depends 
on Gold contained in ICs, recovery of gold is one of the key 
issues in recycling. Since the measurement by XRF cannot 
detect the existence of gold, a more precise measurement of 
material composition based on AAS (Atomic Absorption 
Spectrometry) has been carried out. By using AAS, it is 
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possible to measure material densities up to a few ppm. Table 
2 shows the measured data of concentration of gold and 
palladium in PCB and separated particles. Basically, the table 
shows there is no difference of concentration between PCB 
and separated particles. 
Table 2 Densities of gold and palladium 
 Au(ppm) Pd(ppm) 
PCB-origin particles 654 49 
Separated particles 739 98 
 
4.4. Discussion on experimental results 
x Based on the measurement of XRF shown in Fig.6 and 7 
material composition of both samples are not very different 
except Magnesium and Copper. The reason of the 
differences in these two materials are assumed as below. 
x Magnesium is contained in structure parts and can be 
recovered only by visual separation because of metallic 
gloss. 
x Copper is contained both in PCB and other parts. Some of 
the copper attached to plastic parts cannot be recognized as 
valuable parts. 
x There are no big differences in densities of Nickel, 
Chromium and Zinc. Since these elements are contained in 
resistors, capacitors and terminals of PCBs, the fact 
supports PCB-origin particles can be recognized by vision. 
x Density of Tin decreased greatly in visually separated 
particles. Since Tin is mainly contained in solder of PCBs, 
it is assumed it was not able to recognize solder as valuable 
parts. 
x Densities of Iron are equivalent. Iron contained in 
terminals of PCBs can be completely recovered. 
x ICP analysis showed most of the gold contained in ICs of 
PCBs can be recognized and selected as valuable parts. 
 
Above-mentioned points are rather strong supporting facts 
for separation based on visual information. Even for the 
particles after rough crushing, operators can recognize PCBs 
as PCBs. It means that visual separation is possible and the 
very first step of the feasibility study of remote separation has 
been cleared. 
5. Prototyping of the remote operation set-up 
After the basic feasibility of the remote operation was 
confirmed, we tried to prototype the basic set-up for remote 
operation via internet. Fig.8 shows the picture of the part of 
the remote operation set-up. A laptop PC in the figure is 
connected to the internet and showing the view from a web-
camera. The same view can be observed from a remote host 
computer, by using a remote-desktop. The first prototype of 
the screening mechanism was also design and basic 
experiments of remote separation were carried out. The 
experimental results showed that the operational speed can be 
enough to achieve efficient recycling process. Table 3 shows 
the comparison of average time of manual disassembly of 
PCB versus remote separation. The results show that more 
than 200 units can be treated per hour. If the supply of 
crushed particles can be automated, the operation can be 
faster. Since even one operator can handle this amount of 
products for recycling, the concept is feasible in the aspect of 
operational speed. This is a strong support ting fact that 
remote recycling can be economically feasible, as well as 
technically feasible. 
 
 
Fig.8. Material composition of visually separated particles 
Table 3 Average operation time 
 Average time per unit 
Disassembly 3’ 20’’ 
Remote separation 0’ 16” 
 
The study also investigated the metal compositions of the 
separated particles and residual particles. The XRF analysis 
results showed that the separation of particles that seemed to 
be PCB-origin, was feasible.  Even the operation was carried 
out via web-camera and internet, the separation quality was 
not different with that of direct vision indicated in the 
previous section. 
6. Conclusions 
Because considerable amount of valuable metals are 
contained in small-sized e-waste such as used mobile phones. 
Even if the amount is not large, such resources will be 
important for resource poor country like Japan. Since one of 
the barriers of recycling of small-sized e-waste is high 
recycling cost which usually exceeds total price of the 
materials contained in the used products, the authors proposed 
a new concept of recycling system which can be operated 
remotely via internet. 
The basic concept was to replace manual disassembly by 
rough crushing and machine sorting by human vision from a 
remote site where labor cost is relatively inexpensive. In this 
paper, outsourcing of such operations to unspecified operators 
429 Nozomu Mishima et al. /  Procedia CIRP  47 ( 2016 )  424 – 429 
via internet was proposed. This idea might be possible to 
reduce recycling cost drastically. At the same time, the idea 
will be helpful to prevent outflow of e-waste to overseas and 
secure critical metals in domestic market.  
In order to test the feasibility of the concept, material 
compositions of manually disassembled PCB and visually 
separated particles from crushed mobile phones were 
compared. In the experiment, material compositions of 
crushed PCB and visually separated particles were measured 
by XRF and ICP and compared. The experimental results and 
some information regarding the elements contained in each 
part of a mobile phone, The study concluded that it was 
possible to recognize PCB-origin particles as PCB-origin 
particles. For example for Gold, it is known that most of the 
Gold in a mobile phone is contained in ICs that are mounted 
in PCB. So, the experimental result showing the same density 
of gold in PCB-origin particles and separated particles means 
that the operator could recognize PCB-origin particles almost 
perfectly. As for the elements, aforementioned Gold, 
Aluminum, Copper, Magnesium, Nickel Iron and Zinc were 
recoverable by remote separation. 
To put the concept into practice, we are designing a 
prototype screening mechanism. The system consists of a 
small conveyor to carry roughly crushed particles, a 2-axis 
sorting device to push target particles into a recycling bin, on-
site computer to control the sorting device, web-camera, 
remote computer to switch on and control the on-site 
computer. The schematic view of the total system and the 
sorting device has been illustrated in this study. 
As for the next step, it is necessary to prototype the device, 
to develop a software to control the sorting device, and to 
provide a method to control the local computer from a remote 
computer via internet. 
References 
[1] Nanjyo M. Bulletin of the Research Institute of Mineral Dressing and 
Metallurgy, Tohoku University, 1988; 43, 2,  239-251. 
[2] Shiratori T., Nakamura, T. Concept of “Artificial Deposit” 2 --Transition 
of the metal potential of spent electric and electronic appliances--, 
Journal of MMIJ, 2007; 4, 5, 171-178. 
[3] Guo C., Wang H., Liang W., Fu J., Yi , X. Liberation characteristic and 
physical separation of printed circuit board (PCB), Waste Management, 
2011; 31,  2161–2166. 
[4] Veit H.M., Diehl T.R., Salami A.P., Rodrigues J.S., Bernardes A.M,. 
Teno´ rio J.A.S. Utilization of magnetic and electrostatic separation in 
the recycling of printed circuit boards scrap, Waste Management , 2005; 
25,  67–74. 
 [5] Matsumoto M., Mishima N., Masui K., Kondoh S., Proposal and 
feasibility assessment of tele-inverse manufacturing, International 
Journal of Automation Technology,  2009; 3, 1,  11-18 . 
[6] Torihara K., Kitajima T., Mishima N. Design of a Proper Recycling 
Process for Small-Sized E-waste, Procedia CIRP 26, 2015, 746 – 751. 
[7]  Fujita T., Ono H., Dodbiba G., Yamaguchi K. Evaluation of recycling 
process for printed circuit board by physical separation and heat 
treatment, Waste Management, 2014; 34, 1264-1273. 
[8] Cayumil R., Khanna R., Ikram-Ul-Haq M., Rajarao R., Hill A., 
Sahajwalla V. Generation of copper rich metallic phases from waste 
printed circuit board, Waste Management 2014; 34, 1783-1792. 
[9] Takahashi K., Nakamura J., Otabe K., Tsuruoka M., Matsuno Y., Adachi 
Y. Resource Recovery from Mobile Phone and the Economic and 
Environmental Impact, J. Japan Inst. Metals, 2009; 73, 9, 747-751. 
[10]  Huang K., Guo J., Xu Z. Recycling of waste printed circuit boards: A 
review of current technologies and treatment status in China, Journal of 
Hazardous Materials, 2009; 164,  399–408. 
[11]  Supulveda A. et al. A review of the environmental fate and effects of 
hazardous substances released from electrical and electronic equipments 
during recycling: Examples from China and India. (2010) 
[12] Duan H, Hou K, Li J, Zhu X. Examining the technology acceptance for 
dismantling of waste printed circuit boards in light of recycling and 
environmental concerns, Journal of Environmental Management, 2011, 
92 , 392-399. 
[13] http://www.comgeo.net/archives/1183, accessed  06/04/14 
[14] Beckhopff B., Kanngießer B., Lnghoff N., Weddell R., Wolff, H. 
Handbook of Practical X-Ray Fluorescence Analysis, Springer Science 
& Business Media, 2007. 
 
 
